Several rabies virus (RV) vaccine strains containing an aspartic acid (Asp) or glutamic acid (Glu) instead of an arginine (Arg) at position 333 of the RV glycoprotein (G) are apathogenic for immunocompetent mice even after intracranial inoculation. However, we previously showed that the nonpathogenic phenotype of the highly attenuated RV strain SPBNGA, which contains a Glu at position 333 of G, is unstable when this virus is passaged in newborn mice. While the Glu 333 remained unchanged after five mouse passages, an Asn 194 3Lys 194 mutation occurred in RV G. This mutation was associated with increased pathogenicity for adult mice. Using site-directed mutagenesis to exchange Asn 194 with Lys 194 in the G protein of SPBNGA, resulting in SPBNGA-K, we show here that this mutation is solely responsible for the increase in pathogenicity and that the Asn 194 3Lys 194 mutation does not arise when Asn 194 is exchanged with Ser 194 (SPBNGA-S). Our data presented indicate that the increased pathogenicity of SPBNGA-K is due to increased viral spread in vivo and in vitro, faster internalization of the pathogenic virus into cells, and a shift in the pH threshold for membrane fusion. These results are consistent with the notion that the RV G protein is a major contributor to RV pathogenesis and that the more pathogenic RVs escape the host responses by a faster spread than that of less pathogenic RVs.
Rabies is a major zoonotic disease that remains an important public health problem, causing 60,000 annual deaths worldwide (15) . In the Americas, rabies virus (RV) circulates in many wild animal species, which represent the major rabies reservoirs (23) . Oral immunization of wildlife with live attenuated RVs or recombinant RV vaccines is the most effective method to control and eventually eradicate rabies (1, 29) . For live attenuated RV vaccines, safety is the foremost criterion. According to World Health Organization recommendations, any live RV that can be used for immunization of wildlife must not cause disease in immunocompetent mice following intracerebral (i.c.) infection.
The RV glycoprotein (G) is a major contributor to the pathogenicity of the virus (6, 16, 20, 26) . Several G-associated pathogenic mechanisms have been identified: (i) G must interact effectively with cell surface molecules that can mediate rapid virus uptake (5, 9, 13); (ii) G must interact optimally with the RNA-NP-M complex for efficient virus budding (18) ; and (iii) expression levels of G must be controlled to prevent functional impairment of the infected neuron (20) . We demonstrated that the pathogenicity of fixed rabies virus strains (i.e., ERA, HEP, and CVS) correlates with the presence of a determinant located in antigenic site 3 of the G protein (6, 26) . We and others showed that virus variants with an Arg3Glu mutation at position 333 affecting antigenic site 3 of the G protein completely lost their ability to kill adult immunocompetent mice, regardless of the site of infection or the virus dose used (6, 16, 17) . However, amino acid 333 of G is not the only residue that determines the pathogenic phenotype of an RV. Ito et al. (12) , who compared the G protein of the pathogenic Nishigahara strain with that of the nonpathogenic RC-HL strain in a chimeric construct of the two strains, concluded that the amino acid(s) determining the nonpathogenic phenotype of RC-HL must reside between amino acid residues 164 and 303 (12) .
A potential problem associated with the use of live attenuated RVs for wildlife immunization rests in the high mutation rate characteristic of RNA viruses. Recently, we constructed three recombinant RVs to carry the G gene of SAD B19 in which Arg 333 is replaced by a Glu residue. The Glu 333 G protein, referred to as GA, rendered these viruses nonpathogenic for adult mice after i.c. infection. However, after passaging of these viruses in newborn mice, a single mutation was observed in the G gene of all three recombinant RVs in codons 637 to 639 from AAT (Asn 194 ) to AAG or AAA (Lys 194 ), which was associated with increased pathogenicity. No exchanges in the GAG codon for Glu 333 were detected in the G genes of the three different RVs after the passages in newborn mice, suggesting that the Asn 194 3Lys 194 mutation accounted for the reemergence of a pathogenic phenotype. Here we show that the Asn 194 3Lys 194 mutation in RV G is solely responsible for the reemergence of the pathogenic phenotype, and we delineate the mechanism by which this mutation increases RV pathogenicity.
MATERIALS AND METHODS
Viruses and cell lines. The recombinant RV vector SPBNGA was generated from a SAD B19 cDNA clone as described previously (7, 16) . Neuroblastoma (NA) cells of A/J mouse origin were grown at 37°C in RPMI 1640 supplemented with 10% fetal bovine serum (FBS). Cells of another neuroblastoma cell line, N2A, were grown at 37°C in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% FBS. BSR cells (a BHK-21 clone) were grown at 37°C in DMEM supplemented with 10% FBS.
Mice. Six-to 8-week-old female Swiss-Webster mice or pregnant SwissWebster mice were purchased from Taconic Farms (Germantown, NY).
Site-directed mutagenesis of RV G and construction of recombinant virus cDNA clones. The RV GA gene was amplified by PCR from full-length pSPBNGA using high-fidelity Deep Vent DNA polymerase (New England Biolabs, Inc., Beverly, MA) and the G gene-specific primers GAM1 (5Ј-ACG GAA TTC CCC GGG AAG ATG GTT CCT CAG GCT CTC CTG TTT GTA-3Ј [EcoRI site underlined; XmaI site in italic; start codon in boldface]) and GAM2 (5Ј-ACG CTC TAG AGC CCT TAA TTA ACG TTT ACA GTC TGG TCT CAC CCC CA-3Ј [XbaI site underlined; PacI site in italic; stop codon in boldface]). The PCR product was digested with EcoRI and XbaI and ligated into pBluescript II SK(ϩ) previously digested with EcoRI and XbaI, resulting in pBGA. The presence of the RV GA gene and the flanking sequences was confirmed by sequencing.
Site-directed mutagenesis was performed using the QuickChange XL sitedirected mutagenesis kit (Stratagene, La Jolla, CA) according to the manufacturer's instructions, and primers were designed using Stratagene online software. Primers for lysine were the following: N213K-2(ϩ) (5Ј-GTC TTG TGA CAT TTT TAC CAA GAG TAG AGG GAA GAG AGC-3Ј [lysine codon in boldface]) and N213K-2(Ϫ) (5Ј-GCT CTC TTC CCT CTA CTC TTG GTA AAA ATG TCA CAA GAC-3Ј [lysine codon in boldface]); for serine, N213S-4(ϩ) (5Ј-GAT GTC TTG TGA CAT TTT TAC CTC CAG TAG AGG GAA GAG AGC ATC-3Ј [serine codon in boldface]) and N213S-4(Ϫ) (5Ј-GAT GCT CTC TTC CCT CTA CTG GAG GTA AAA ATG TCA CAA GAC ATC-3Ј [serine codon in boldface]). Sequences of the modified RV GA genes were confirmed by restriction enzyme analysis and DNA sequencing. The resulting plasmids, designated pBGA-K and pBGA-S for lysine and serine amino acid exchange, respectively, were digested with XmaI and PacI and ligated into pSPBNGA previously digested with XmaI and PacI. The final products were designated pSPBNGA-K and pSPBNGA-S, and the sequences of G genes were verified by sequencing.
Virus rescue from cDNA clones. Recombinant RVs were rescued as described previously (7) . Briefly, BSR-T7 cells were transfected using a calcium phosphate transfection kit (Stratagene) with 5.0 g of SPBNGA-K or SPBNGA-S and 5.0 g of pTIT-N, 2.5 g of pTIT-P, 2.5 g of pTIT-L, and 2.0 g of pTIT-G. After a 3-day incubation, supernatants were transferred onto BSR cells, and incubation continued for 3 days at 37°C. Cells were examined for the presence of rescued virus by immunostaining with fluorescein isothiocyanate (FITC)-labeled anti-rabies virus N protein antibody (Centocor, Inc., Malvern, PA). The correct nucleotide sequences of the inserted genes were confirmed by reverse transcriptase PCR (RT-PCR) analysis and DNA sequencing.
Preparation of virus stocks and virus titration. BSR cells were infected at a multiplicity of infection (MOI) of 0.1 and incubated for 72 h at 34°C. To determine virus yields, monolayers of NA cells in 96-well plates were infected with serial 10-fold virus dilutions as described previously (9) . At 48 h postinfection (p.i.), cells were fixed in 80% acetone and stained with FITC-labeled rabies virus N protein-specific antibody (Centocor, Inc). Foci were counted using a fluorescence microscope, and virus titers calculated in focus-forming units (FFU). All titrations were determined in triplicate.
RNA isolation, RT-PCR, and nucleotide sequence analysis. BSR cells grown in T25 tissue culture flasks were washed with phosphate-buffered saline (PBS), and RNA was extracted using the RNeasy mini-kit (QIAGEN, Valencia, CA) according to the manufacturer's protocol. To isolate RNA from mouse brain tissue, brains were removed, snap-frozen, and homogenized in TRI reagent (Sigma, St. Louis, MO) at a ratio of 1:10; after addition of 200 l of chloroform to 1 ml of homogenate, samples were incubated at room temperature for 10 min and then centrifuged for 15 min at 12,000 rpm at 4°C, the aqueous phase was collected, and RNA was isolated using the RNeasy mini-kit as described above.
RV G cDNA was synthesized using Superscript One-Step RT-PCR (Invitrogen, Carlsbad, CA) and primers SADB19 Ϫ120seq(ϩ) (AACATGTTATGG TGCCATTAAACCGCT) and SADB19 ϩ50seq(Ϫ) (GGG TGT TAG TTT TTT TCA TGG ACT TGG). PCR-amplified products were subjected to nucleotide sequencing, and the complete nucleotide sequences of the G genes (including flanking sequences) were obtained and analyzed for the presence of mutations.
Single-and multistep growth curves. Confluent NA cell monolayers grown in T25 culture flasks were infected with RV at a MOI of 5 or 0.01. After incubation for 1 h at 37°C, inocula were removed and cells were washed three times with PBS, cells were replenished with 6 ml of RPMI medium 1640 containing 0.2% bovine serum albumin (BSA) and incubated at 34°C. After infection, 100 l of tissue culture supernatant was removed at the indicated time points, and virus was titrated in quadruplicate on NA cells.
Virus spread assay. Virus spread was determined using N2A cells on 60-mm tissue culture plates. Cells cultured for 24 h were washed with PBS, infected with RV at a MOI of 0.01, and incubated for 2 h at 37°C. The inoculum was removed, and cells were washed with PBS. A medium-1% agar mix (equal volumes of 2% agar and 2ϫ DMEM-5% FBS, maintained at 35 to 37°C) was added to each plate and allowed to solidify for 10 min at room temperature. Plates were then incubated at 34°C, and agar was removed at various time points. Cells were washed with PBS, fixed in 80% acetone, and stained with fluorescein isothiocyanate (FITC)-labeled rabies virus N protein-specific antibody (Centocor, Inc.). Thirty fluorescent foci in each plate were analyzed using a fluorescence microscope to determine the average number of infected cells per fluorescent focus.
Kinetics of virus internalization. Kinetics of RV uptake was analyzed as described previously (5) . Briefly, monolayers of NA cells grown in 96-well plates were infected with RV at a MOI of 5 and incubated for various times, and noninternalized virus was neutralized by the addition of 2 IU/ml of rabbit polyclonal antirabies serum. At 24 h p.i., the cells were fixed with 80% acetone, stained with FITC-labeled antirabies antibody, and assessed for percentage of rabies antigen-positive cells.
Low-pH-dependent cell fusion. BSR cells were infected with RV at a MOI of 0.5 and incubated for 2 days at 37°C in DMEM containing 0.2% BSA. Cells were trypsinized, seeded into 12-well plates, and incubated for another 2 days at 37°C in DMEM plus 10% FBS. Cells were rinsed with fusion medium [10 mM Na 2 HPO 4 -10 mM NaH 2 PO 4 -150 mM NaCl-10 mM 2-(N-morpholino) ethanesulfonic acid] adjusted to pH 5.8 to 6.4 and incubated for 2 min at room temperature with pH-adjusted fusion medium. After removal of the fusion medium, cultures were replenished with DMEM containing 0.2% BSA and incubated for 1 h at 37°C. Cells were fixed with 80% ice-cold acetone and stained with Giemsa stain following the manufacturer's protocol (Fluka Chemie GmbH, Buchs, Switzerland). To quantitate fusion activities, the ratio of fused to unfused cells at a given pH was calculated in six fields for each of the variants as described previously (10) .
Assay for recombinant virus pathogenicity in mice. Five 10-fold serial virus dilutions were used to infect groups of 10 6-to 8-week-old female Swiss Webster mice (Taconic, Inc.) i.c. The infection was performed under anesthesia with 10 l of PBS containing the different virus concentrations. After infection, mice were examined for clinical signs of disease and body weight was recorded daily. The differences in body weight between day 0 and selected time points within one group were calculated, checked for the normality, and one-way analysis of variance (ANOVA) with Tukey's multiple comparisons test was applied to verify statistically significant differences between groups. The relationship between virus challenge dose and mortality was calculated using CurveExpert v.1.37 (Microsoft, Redmond, WA). All animal experiments were performed under Institutional Animal Care and Use Committee-approved protocols (Animal Welfare Assurance no A3085-01).
Immunohistochemical analysis. At different times after infection, mice were anesthetized and perfused transcardially with PBS containing procaine-HCl (5 g/liter) and heparin (20,000 IU/liter), followed by Bouin-Hollande fixation solution (11) . Brains were removed and postfixed for 24 h in the same fixative. After dehydration in a graded series of 2-propanol, tissues were embedded in Paraplast Plus (Merck, Darmstadt, Germany) and cut into 7-mm-thick coronal sections. Coronal sections through the hippocampus were used for histological analysis. For enzymatic immunohistochemical analysis, adjacent sections were incubated with polyclonal rabbit antibody raised against rabies virus ribonucleoprotein (RNP) (diluted 1:3,000) (8) . Primary antibodies were applied in 1% BSA-PBS and incubated at 16°C overnight, followed by a 2-h incubation at 37°C. For bright-field immunohistochemistry, species-specific biotinylated secondary antibodies (Dianova, Hamburg, Germany) and the Vectastain ABC method (Vectastain Elite ABC kit; Vector Laboratories, Burlingame, CA) were used, including ammonium nickel sulfateenhanced 3Ј3-diaminobenzidine (Sigma, Deisenhofen, Germany). Immunostaining for bright-field microscopy and Giemsa stainings were analyzed with the Olympus AX70 microscope (Olympus Optical, Hamburg, Germany).
Statistical analysis. Virus spread, virus internalization, and fusion activity data were calculated and checked for normality, and a one-way ANOVA with Tukey's multiple comparisons test was applied to verify statistically significant differences between the different viruses.
RESULTS

Replacement of amino acid residue 194 of the G protein.
We previously showed that the nonpathogenic phenotype of the attenuated RV strain SPBNGA is unstable (7). After five pas-sages in suckling mice, an Asn3Lys mutation occurred at amino acid position 194 of GA, which was associated with increased pathogenicity in adult mice (7) . To test whether the Asn 194 3Lys 194 mutation alone was responsible for the increased pathogenicity, we introduced this exchange in SPBNGA using site-directed mutagenesis. In an effort to stabilize the nonpathogenic phenotype by preventing the Asn 194 3Lys 194 mutation, Asn 194 was exchanged with Ser 194 ; reversion to the pathogenic phenotype would require three base exchanges instead of one (Fig. 1A) . The mutagenized GA genes were reintroduced into the RV vector SPBNGA, resulting in SPBNGA-K with Lys at position 194 of GA and SPBNGA-S with Ser at this position (Fig. 1B) .
Pathogenicity of mutant RVs in mice. The effects of SPBNGA-K and SPBNGA-S were tested in vivo, since despite complete sequencing of the G protein of the isolated pathogenic RV mutants, additional mutations in other viral genes and/or regulatory genomic elements could not be excluded.
Swiss-Webster mice infected i.c. with different concentrations (10 2 to 10 6 FFU) of SPBNGA-K showed signs of neurological disease and exhibited significant loss of body weight (P Ͻ 0.001), and on average 45% of these mice succumbed to the infection (Table 1 ; Fig. 2) . Interestingly, only 10% of the mice infected with 10 6 FFU of SPBNGA-K died, compared to 80% of mice that received 10 2 FFU of SPBNGA-K, suggesting that the mortality rate for SPBNGA-K-infected mice correlates inversely with the virus dose used for infection (correlation coefficient ϭ 0.862 for the nonlinear Harris model). SPBNGA-K-infected mice that survived the infection exhibited neurological signs, such as disordered movement and hyperexcitation, during the entire observation period (Fig. 2B) and regained their original body weight very late (ϳ20 days after infection) (Fig. 2C) .
In contrast, regardless of the virus concentration used for infection, all mice infected i.c. with SPBNGA-S survived the infection and showed no signs of disease and only minimal loss of body weight ( Fig. 2; Table 1 ). These data support the conclusion that an Asn 194 3Lys 194 mutation in the G protein of SPBNGA is solely responsible for the increased pathogenicity observed after five mouse passages. Note that the Asn 194 3 Ser 194 exchange did not result in an increase in pathogenicity, indicating that Ser can functionally replace Asn at this position while conserving the SPBNGA phenotype.
To test whether the three-nucleotide exchange might increase the genetic stability of SPBNGA-S, this recombinant RV was passaged i.c. five consecutive times in newborn mice. Nucleotide sequence analysis of RV RNA isolated from brain tissue of fifth-passage mice revealed no mutations or deletions within the GA gene, and both the codon for Ser 194 and that for Glu 333 remained unchanged after the fifth passage (data not shown). Adult immunocompetent mice infected i.c. with SPBNGA-S from the fifth mouse passage revealed no mortality, morbidity, or loss of body weight, and all 10 mice survived, indicating that the nonpathogenic phenotype of SPBNGA-S is stable.
Spread GA mutant RVs in the central nervous system. To determine whether viral spread is a major factor for RV pathogenicity, brain tissue of mice infected i.c. with the different G mutants was examined immunohistochemically at 6 days p.i. Staining with RV RNP-specific antibody revealed a relatively large number of RV-infected neurons in the CA1 region of the hippocampus of mice infected with SPBNGA-K but only a low number of RNP-positive neurons in the same area of the brains from SPBNGA-or SPBNGA-S-inoculated mice (Fig. 3A) . Furthermore, a massive neuronal infection of the hypothalamus was detected in SPBNGA-K-infected brains, whereas no RNP-positive neurons were found in the same Growth kinetics of GA mutant RVs in neuronal cells. Virus production was analyzed in a neuroblastoma cell line (NA), and both multistep (Fig. 4A ) and single-step (Fig. 4B ) growth curves were constructed. Surprisingly, the replication rate of Table 1 (10  2 to 10 6 FFU). Error bars represent standard errors; asterisks indicate statistically significant differences in the decrease of body weight (P Ͻ 0.001) between SPBNGA-K-infected and SPBNGA-S-infected mice.
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SPBNGA-K was significantly lower (ϳ1 log; P Ͻ 0.001) than that of SPBNGA or SPBNGA-S. Thus, while the Asn 194 3 Ser 194 exchange had no affect on virus production, the Asn 194 3Lys 194 mutation in SPBNGA-K decreased virus replication in tissue culture. Kinetics of cell-to-cell spread of GA mutant viruses. Because NA cells cannot be overlaid with agar, cell-to-cell spread was analyzed in the neuronal cell line N2A after infection at a MOI of 0.01 with the different mutant viruses (Fig. 5) . Evaluation by immunofluorescence microscopy revealed no significant differences in the number of fluorescent foci in SPBNGA-, SPBNGA-K-, and SPBNGA-S-infected N2A cells at 24 h p.i. with an average of 1.1, 1.3, and 1 infected cell per focus. However, at 72 h p.i., 17, 30, and 15 cells were counted on average for each fluorescent focus of SPBNGA-, SPBNGA-K-and SPBNGA-S-infected N2A cells, respectively, indicating that the rate of SPBNGA-K spread is almost twice those for SPBNGA (P Ͻ 0.001) and SPBNGA-S (P Ͻ 0.001).
Kinetics of internalization of GA mutant viruses. To determine whether the faster spread of SPBNGA-K might reflect the more rapid uptake of the virus by cells, the mutant RVs were used to infect NA cells, and at various times p.i., neutralizing polyclonal rabies antibody was added to neutralize noninternalized virus. When the antibody was added at 20 min p.i., viral antigen was detected in 60% of SPBNGA-K-infected cells but in only 25% and 31% of cells infected with SPBNGA-S or SPBNGA, respectively (Fig. 6) . The time necessary to infect 50% of cells (half entry time) was 17 min for SPBNGA-K and 29.5 and 33.5 min for SPBNGA and SPBNGA-S, respectively. Thus, the Asn 194 3Lys 194 exchange in the G protein, the only RV component involved in virus uptake by the host cell, drastically reduces the time for virus uptake, which, in turn, might account for the increase in pathogenicity and viral spread.
pH-dependent fusion of GA mutant virus-infected cells. It has been suggested that the ability of an RV to spread from cell to cell depends on the fusion activity of its G protein (14, 19, 28) . We determined the pH-dependent cell fusion in SPBNGA-K-, SPBNGA-N, and SPBNGA-S-infected BSR cells (Fig. 7) . Thirty percent of SPBNGA-K-infected cells were fused at pH 6.2, compared to 23% and 12% of SPBNGA-Nand SPBNGA-S-infected cells, respectively. The greatest differences in fusion activity were observed at pH 6.0, where 86% of the SPBNGA-K-infected cells but only 63% and 46% of the SPBNGA-N-and SPBNGA-S-infected cells were fused. The differences in the fusion activities seen in SPBNGA-K-and SPBNGA-N-or SPBNGA-S-infected cells are statically significant (p Ͻ Ͻ 0.0001) within the pH range from 5.8 to 6.2, indicating that the Asn 194 3Lys 194 mutation causes a shift in the pH threshold for membrane fusion to a slightly higher pH.
DISCUSSION
The multiple factors that influence RV pathogenicity have proven difficult to dissect experimentally when using different RV isolates (25) , since numerous sequence differences between genes of different RV strains, as exemplified after the complete sequences of the pathogenic RV Pasteur virus and attenuated RV vaccine strain SAD B19 became available (3, 27) , precluded linkage of a certain sequence to the observed differences in pathogenicity. However, the ability to genetically manipulate the genome of RV and to introduce specific (24) has enabled us to identify several RV pathogenicity markers (9, 16, (21) (22) . It has been known for more than 20 years that an amino acid exchange in certain attenuated RV strains at position 333 from Arg to Glu abolishes residual RV pathogenicity even after i.c. injection in adult mice (6) . However, the genetic stability of this mutation, based on a single nucleotide exchange, raised concern about its use as a vaccine. We previously showed that multiple passages of an RV with the 333 mutation in newborn mice resulted in revertant RVs that partially recovered the pathogenic phenotype of SPBN (7). This pathogenic revertant RV contained an exchange at position 194 from Asn to Lys instead of an exchange at position 333 from Glu to Arg. By introducing the Asn 194 3Lys 194 mutation into SPBNGA, we were able to show that this single amino acid exchange was solely responsible for the reemergence of the pathogenic phenotype. Note that the Asn 194 3Lys 194 mutation is located in a region of G that was shown to determine the pathogenic phenotype of the Nishigahara RV strain (12) . Our observation that the mortality in SPBNGA-K-infected mice seemed to correlate inversely with the virus dose used for infection is probably due to autointerference. This phenomenon is not new and has been earlier described for mice infected with attenuated RV strains (2) .
Our present data clearly indicate that SPBNGA-K spreads faster both in vitro, as indicated by a larger focus size in cell culture, and in vivo, as shown by immunochemistry of infected mouse brains. However, SPBNGA-K grew to lower titers in NA cells, as indicated by single-step and multiple-step growth curves. This apparent discrepancy with the data indicating an increased virus load in the brains of SPBNGA-K-infected mice likely rests in the faster spread of SPBNGA-K from neuron to neuron, resulting in a higher number of infected neurons in vivo. This conclusion is consistent with previous studies showing that pathogenic RVs replicate in vitro at a slower rate and produce lesser amounts of viral proteins but spread faster than attenuated RV strains (for a review, see references 4 and 25).
The finding that SPBNGA-K enters cells at twice the rate of SPBNGA or SPBNGA-S entry suggests that faster virus uptake underlies at least in part the increase in cell-to-cell spread and consequently the greater pathogenicity of SPBNGA-K. This suggestion is supported by the recent observations that the highly pathogenic SHBRV strain is internalized four times faster than the attenuated SPBN strain (9) .
We also detected a small but significant change in the pH required for membrane fusion of the SPBNGA-K G protein.
Other studies have demonstrated the importance of the pH- dependent fusion process for the initiation of productive infection by vesicular stomatitis virus, another rhabdovirus whose G protein mediates the fusion (14, 19, 28) . Attenuation of vesicular stomatitis virus variants for growth in tissue culture has been attributed to a shift in the pH for membrane fusion to a lower pH (10) . Our studies are consistent with this finding and, together with the association between an Asn 194 3Lys 194 exchange in the G protein of RV and a significant increase in virus spread in vitro and in vivo, support the hypothesis that a higher pH threshold for membrane fusion is important for viral fitness (10) . In summary, our study provides evidence that a single amino acid exchange within the G protein of a nonpathogenic RV can result in a reversion to the pathogenic phenotype. The increase in pathogenicity is due to a significant increase in viral spread both in vitro and in vivo. Our results also indicate that the generation of a revertant RV carrying this exchange can be prevented by introducing a Ser instead of the Asn at position 194. The SPBNGA-S strain remained stable even after multiple passages in newborn mice, making its glycoprotein suitable for the generation of both wildlife RV vaccines and RV-based vaccine vectors (7-8, 16-18, 22) .
